A liquid-crystalline benzocrown ether, 4′-[(4″-1,1,2,2-tetrahydroperfluorooctyloxy)biphenyloxycarbonyl]benzo-15-crown-5, was used as a neutral carrier of ion-selective electrodes (ISEs) to elucidate the effect of highly ordered assembling of the neutral carrier on the sensor properties through fluorophilic interactions. The properties for the membrane and the resulting ISEs based on a benzocrown ether bearing a perfluoroalkyl chain were compared with those based on the corresponding crown ether bearing an alkyl chain. Atomic force microscopy and fluorescence measurements suggested that the neutral carrier bearing a perfluoroalkyl chain formed highly aggregational states in the membranes of ISEs.
Introduction
Ion-selective electrodes (ISEs) are chemical sensors for the selective determination of certain ions. 1, 2 The ISEs have found widespread applications in the fields of clinical diagnosis and environmental monitoring.
Their sensor properties are generally determined by the ion-exchange equilibria at the interface between the membrane and the aqueous sample phases, which in turn is the metal-ion extraction equilibria between the two immiscible phases. The ion selectivity of ISEs based on neutral carriers is often governed by the ion selectivity of the neutral carriers in the membrane. However, the ion selectivity for the neutral-carrier-type ion sensors is affected not only by properties of the neutral carries but also by other membrane conditions, such as the property of the membrane solvent. We have previously reported that thermotropic liquidcrystalline compounds for membrane solvents of ISEs have conferred a high functionality on membrane ion sensors. [3] [4] [5] [6] Liquid crystals are functional materials, because their molecular orientation varies in response to changes in temperature, light, electric field, etc. Thus, the ion-sensor property could be controlled by the orientation of the membrane components in liquid-crystalline compounds. In other words, liquid-crystalline compounds can induce an assembled and oriented molecular orientation of the other membrane components in the liquidcrystal state, while they can disperse them randomly in the isotropic liquid state in a similar way to conventional membrane solvents (plasticizers).
The behaviors of fluorine atoms are different from those of other atoms, because they have a high electron density and the highest electronegativity among all atoms. Therefore, some of compounds containing perfluorocarbons were immiscible with both hydrophobic and hydrophilic solvents. [7] [8] [9] They were applied to obtain liquid-crystalline structures [10] [11] [12] and bilayer assemblies. 13 The phase separation between compounds incorporating perfluoroalkyl chains and non-fluorinated ones may be due to the self-assembling structures of perfluoroalkyl groups. It is, therefore, of much interest to see how such the highly ordered assembling of neutral carriers through fluorophilic interaction 14 is reflected in the properties for the ion-sensing membrane and the resulting ISEs based on neutral carriers bearing a perfluoroalkyl chain.
In this study, we attempted to use a neutral carrier bearing a perfluoroalkyl chain for liquid-crystalline membrane ISEs. A comparison between the benzocrown ether bearing a perfluoroalkyl chain and its corresponding crown ether bearing a simple alkyl chain was made in the properties for the resulting liquid-crystalline membrane ISEs. We also investigated in detail how similar the states of the fluorinated neutral carriers and the non-fluorinated ones are in the ion-sensing membranes.
Experimental

Materials
The compounds used as the neutral carriers were as follows. 4′-[4″-(1,1,2,2-Tetrahydroperfluorooctyloxy)biphenyloxycarbonyl]-benzo-15-crown-5 (1) was synthesized in this study and 4′-[4″-(octyloxy)biphenyloxycarbonyl]benzo-15-crown-5 (2) was prepared according to a procedure in the literature. 15 The liquidcrystalline solvents, 4-cyano-4′-hexylbiphenyl (3) (K-18) and 4-cyano-4′-octylbiphenyl (4) (K-24) (Merck, Darmstadt, Germany), were used as received. Figure 1 shows the structures of compounds 1 -4. The conventional membrane solvent (o-nitrophenyl octyl ether, NPOE), potassium tetrakis(p-chlorophenyl)borate (KTpClPB), and tetrahydrofuran (spectroscopic grade THF) (Dojindo Lab., Kumamoto, Japan), were used as received. The pyrene derivatives, 1′-1,1,2,2-tetrahydroperfluorooctyloxycarbonylpyrene (5) and 1-octyloxycarbonylpyrene (6), were synthesized in this study. Pyrene (7) (Nacalai Tesque Inc., Kyoto, Japan) was used without purification. n-Octadecyldimethylchlorosilane was obtained from Chisso, Tokyo, Japan. Ethanol and toluene were of analytical grade. Alkali metal chlorides were all analytical reagent grade and were used as received. The measurement solutions were prepared with deionized water.
6 mmol), which was obtained according to the procedure reported elsewhere, 15 was dissolved in chloroform (10 mL) and the solution was then refluxed. After SOCl2 (0.3 g, 2.0 mmol) dissolved in chloroform (10 mL) was added dropwise to the solution over 30 min, the mixture was refluxed for 3 h. The solvent of the resulting mixture was completely evaporated under vacuum at 60˚C. The residue was dissolved in dry benzene (10 mL). After a dry benzene (10 mL) solution of 4-hydroxy-4′-(1,1,2,2,-tetrahydroperfluorooctyloxy)biphenyl 14 (0.3 g, 0.6 mmol) and triethylamine (0.5 g, 5.0 mmol) was added dropwise to the solution at 0˚C, the mixture was stirred at room temperature for 24 h under N2 atmosphere. The resulting mixture was poured into chloroform (100 mL). The organic phase was washed with 10% tartaric acid aqueous solution and water, dried over anhydrous MgSO4, filtered, and then concentrated under vacuum. The crude product was purified by recrystallization in ethanol/acetonitrile to yield a white powder of the desired compound 1 (0.13 g, 26.7% Pyrene derivatives (compounds 5 and 6). 1-Carboxypyrene (0.2 g, 0.6 mmol) dissolved into SOCl2 (20 mL) was refluxed for 3 h. The solvent of the resulting mixture was completely evaporated in vacuo at 60˚C. The residue was dissolved in dry benzene (10 mL). After a dry benzene solution (10 mL) of 1,1,2,2,-tetrahydroperfluorooctanol (0.3 g, 0.6 mmol) and triethylamine (0.5 g, 5.0 mmol) was added dropwise to the solution at 0˚C, the mixture was stirred at room temperature for 12 h under N2 atmosphere. The resulting mixture was poured into chloroform (100 mL). The organic phase was washed with 10% tartaric acid aqueous solution and water, dried over anhydrous MgSO4, filtered, and then concentrated in vacuo. The crude product was purified by recrystallization from methanol to yield a yellow powder of the desired compound 5 (0.3 g, 44.2%). 
Preparation of ion-sensing membranes
The liquid membranes were used for EMF measurements, because we intended to investigate the effect of pure liquid crystal on ion-sensor properties.
The liquid membranes contained 1.0 wt% of compound 1 or 2 as neutral carriers, 98.7 wt% of liquid-crystalline compound 3 or NPOE as membrane solvents, and 0.3 wt% of KTpClPB as an anion excluder. The membranes were prepared by dissolving the mixture in THF for uniform mixing, followed by evaporating off the solvent. The pure liquid membrane was incorporated into a plastic tip of an adjustable pipette (Q-110, Quality Science Plastics), which has an inner diameter of 0.5 mm, for the capillary-type ion-selective electrode. 3, 4 The electrodes were built up as follows. To a capillary, 10 μL of 1 × 10 -3 M KCl aqueous solution as an internal solution was injected. Then, 5 μL of pure liquid membrane was injected. Finally, a Ag-AgCl internal electrode was set inside the capillary.
EMF measurements
Potential measurements were carried out using a pH/mV meter (TP-1000, Toko Chemical Inc., Tokyo, Japan) at an appropriate temperature. The measurement temperature was controlled using a circulating thermostated bath. The external reference electrode was a double-junction type Ag-AgCl electrode (REF4083-0.65C, DKK Corporation, Tokyo, Japan). The electrochemical cell for EMF measurements was a Ag
The measuring metal ion activities were changed by injection of high-concentration solutions into the sample solutions, while stirring with a magnetic stir bar. The activity coefficients (γ) were calculated according to the Davies equation, log γ = -0.51z 2 I 1/2 /(1 + 0.33αI 1/2 )+ 0.10z 2 I, using the values of the ionic strength (I), the charge (z) and the ion size parameter (α). The selectivity coefficients were determined by a fixed interference method (FIM). The background concentration of the interfering ion (Na + ) was 0.3 M. The response times (t90) were determined upon changing the ion activity of the sample solution from 1 × 10 -3 to 3 × 10 -3 M.
DSC measurements
Differential scanning calorimetry (DSC) was performed using a calorimeter (DSC6200, Seiko Instruments Inc., Tokyo, Japan) and an aluminum pan (SSC00E030, Seiko Instruments Inc.) with a temperature-increasing rate of 5˚C min -1 . The phasetransition temperatures of liquid crystal were determined at the peak top of the endothermic peaks.
AFM images
AFM experiments were performed with a scanning probe microscope (SPA300, Seiko Instruments Inc.). AFM cantilevers used for the imaging were commercially available 964 ANALYTICAL SCIENCES AUGUST 2007, VOL. 23 V-shaped Si3N4 cantilevers (Olympus, Tokyo, Japan). The spring constant of the cantilevers was 0.09 Nm -1 . The observations were carried out in a liquid cell. The imaging substrates were prepared as follows. The sheets (14 × 14 mm) of natural mica (Nilaco, Tokyo, Japan) were cleaned by immersing into a piranha solution (concentrated H2SO4/28% H2O2, 7/3, v/v) for 30 min. After being washed thoroughly with deionized water, the substrates were immersed into a toluene solution containing 60 mM of the n-octadecyldimethylchlorosilane for 5 h at room temperature. 16 The mica sheets were rinsed with pure toluene and ethanol and then dried in air. An aliquot (50 μL) of the toluene solution of the membrane mixture (2.1 × 10 -3 g L -1 ), which was composed of compound 2 (5.0 wt%) and liquid-crystalline compound 4 (95.0 wt%), was dropped on the substrates. In the case of compound 3, which is able to form a nematic liquid crystal phase, it was not possible to observe the surface of membranes due to the high fluidicity. Therefore, compound 4, which is able to form a less fluidic phase (smectic liquid crystal), was employed here as the membrane solvent, because it possesses similar structural and sensor properties 4, 5 to those of compound 3. The content of compound 2 in the membranes was 5.0 wt%, because no clear AFM images were observed when the content of compound 2 was 1.0 wt%. Compound 1 was not dissolved at a content of even 3.0 wt% in the membrane solvents. For the system of compound 1, no clear AFM images were also observed when the content of it was 1.0 wt%. Therefore, the AFM images for compound 1 systems could not be compared with those for compound 2.
Fluorescence measurements
Fluorescence measurements were carried out with a fluorescence spectrometer (RF-5000, Shimadzu, Kyoto, Japan) using a slit-width set of 1. 
Results and Discussion
Ion-sensor properties
For the ISEs of liquid-crystalline membranes, the sensor properties such as the slopes and linear ranges in the calibration graph are summarized in Table 1 . Figure 2 shows the typical calibration graphs at 25˚C. The temperatures for the EMF measurements were chosen at 25˚C (nematic liquid-crystal state) and 35˚C (isotropic liquid state) according to following DSC results (Table 3) . Ideal Nernstian slopes at 25 and 35˚C are 59.2 and 61.2 mV decade -1 , respectively. The ISEs based on compound 1 did not show a Nernstian responses to the K + activity changes at 25˚C (Fig. 2(a) , Table 1 ). In particular, the EMF response for the membrane using NPOE as the membrane solvent had the narrower linear range. On the other hand, the NPOE membrane showed good EMF responses at 35˚C. When compound 2 was used as the neutral carrier, the ISEs showed Nernstian responses to the K + activity change in wide activity ranges ( Fig. 2(b) , Table 1 ). The EMF responses for K + of the ISEs based on compound 1 were inferior to those of the ISEs based on compound 2 at 25˚C. (a) (b)
to Na + (log k ) of the ISEs employed in this study. The selectivity coefficient for the 1/3 membrane systems was -2.48 at 25˚C, where the membrane was in a liquid-crystal state, while the value was -2.19 at 35˚C, where it was in an isotropic liquid state. The temperature dependence of the selectivity for K + with respect to Na + was observed in ISEs based on the 1/3 membrane systems. When NPOE was employed instead of the liquidcrystalline solvents for a comparison, the temperature dependence of the log k values was slight. The values at 25 and 35˚C were -1.33 and -1.19, respectively. The selectivity coefficient (log k ) for the 2/3 membrane systems was -2.98 at 25˚C, where the membrane was in liquid-crystal state, while the value was -2.52 at 35˚C, where it was in isotropic liquid state. In the 2/NPOE membrane systems, the log k values were -3.26 and -2.91, where the measurement temperatures were at 25 and 35˚C, respectively. The temperature dependence of selectivity was also observed in the ISEs based on compound 2. The change of the selectivity coefficients between at 25 and 35˚C in the liquid-crystalline 2/3 membrane systems, was larger than that in the NPOE system. We have already reported that adjacent 15-crown-5 moieties might behave like a bis(15-crown-5) molecule, which undergoes efficient formation of sandwich-type K + complexes due to the cooperative action of two adjacent 15-crown-5 rings [bis(crown ether) effect]. Liquid-crystalline compounds possess ordered molecular orientation, so they are also able to affect molecular orientations of the other organic components in the liquid crystal states. The liquid crystal states are changed to the isotropic liquid state by heating. When the phase transition of liquid crystal to isotropic liquid is induced, the molecular orientation of neutral carriers in the liquid-crystalline membranes is cancelled. The changes in the selectivity coefficients may reflect the phenomenon that molecules of neutral carrier are assembled and oriented in the liquid crystal state, while being dispersed randomly in the isotropic liquid state. Therefore, the temperature-induced changes of the selectivity coefficients in both membranes may be derived from the bis(crown ether) effect, when compound 3 was used as the membrane solvent.
Thus, both of the ISEs, that based on compound 1 bearing a perfluoroalkyl chain and that based on compound 2 bearing a non-fluorinated one, showed the temperature dependence of selectivity for K + with respect to Na + . However, the log k values of the ISEs based on compound 1 were larger than those of compound 2. In addition, EMF responses of the ISEs based pot K,Na pot K,Na pot K,Na pot K,Na pot K,Na on compound 1 did not show Nernstian responses to the K + activity change. It is unlikely that the difference between the structures of compounds 1 and 2 affects the property of their complexes with K + . Therefore, we investigated the states of the fluorinated neutral carriers and the non-fluorinated ones in the liquid-crystalline membranes in detail.
DSC measurements
One of the reasons for the inferior sensor properties described above may be the low solubility of compound 1 in the membrane solvents. In other words, the highly ordered aggregation of compound 1 through the fluorophilic interaction in the ion-sensing membrane seems to occur. DSC measurements were carried out to elucidate the solubility (dispersibility) of neutral carriers in the liquid-crystalline membranes. The results are summarized in Table 3 . It was found that the phase transition temperatures from liquid-crystal state to isotropic liquid one occurred around room temperature for each of the liquid membranes employed here. The phase transition temperatures for the membrane containing the neutral carriers were a little different from that for the membrane containing only compound 3. The addition of other components to a liquid-crystalline compound generally modifies its original phase transition temperature more or less. The DSC behavior showed that the neutral carriers and anion excluders were dissolved in compound 3.
AFM images
The interfaces between the liquid-crystalline membranes and the sample solution were observed by atomic force microscopy (AFM), in order to investigate the state of the neutral carriers in the liquid-crystalline membranes in detail. The AFM images for the surfaces of the membranes based on the 2/4 membrane systems in the sample solution are shown in Fig. 3 . The cross sections shown by the lines in the images indicate that the surface of the membrane was smooth in deionized water ( Fig.  3(a) ). However, when the aqueous phase contained K + (0.1 M KCl), the membrane surface became very rough (Fig. 3(b) ). The cross section in Fig. 3(b) indicated that the height of the convex parts was about 0.5 nm. Very interestingly, there was not any significant convex region when the aqueous phase contained Li + (0.1 M LiCl). The diameter for the crown ether ring in compound 2 was estimated to be about 0.6 nm by CPK model. This value was almost identical to the height of the 966 ANALYTICAL SCIENCES AUGUST 2007, VOL. 23 convex parts in Fig. 3(b) . It was therefore considered that the convex parts in the presence of K + were induced by the complexation of compound 2 with K + . Since the neutral carriers carrying a benzo-15-crown-5 ring tend to form sandwich-type complexes with K + , the neutral carriers may assemble at the interface like a surface-active agent. Therefore, only the hydrophilic crown ether moiety of the neutral carriers would be stabilized in the aqueous phase, while their hydrophobic moiety would remain in the membrane phase. The width of the convex regions was about 40 nm. The area was larger than the molecular size of the neutral carrier, thus suggesting that molecules of compound 2 are assembled in the liquid-crystalline membranes.
Fluorescence measurements
The fluorescence measurements using the pyrene derivatives (compounds 5 with perfluoroalkyl chain, 6 with alkyl chain, and 7 without substituents) were carried out in order to obtain some information about the effect of substituents for the intermolecular association of alkyl aromatic compounds, such as alkyl-biphenylated neutral carriers 1 and 2.
Pyrene was known to show two kinds of emissions, one derived from its monomer and the other from its excimer. The emission from the excimer indicates the association of two pyrene molecules in solution. 17, 18 In other words, the pyrene derivatives are aggregated in solution, when the excimer emission shows a high intensity. Figure 4 shows the fluorescence intensity ratio of the monomer (M) over the excimer (E) upon the changes of concentrations for the compounds 5, 6, and 7. When the values of the fluorescence intensity ratio (M/E) were small, the aggregation of the pyrene derivatives was induced with increasing the concentrations. At the higher concentrations (> 2.0 mM), the M/E ratios did not show any significant changes in any case. However, there were remarkable differences at the lower concentrations (< 2.0 mM). In the case of compound 5, little decrease of the M/E ratios was observed upon increasing the concentrations. In the other cases, on the other hand, a decrease of the M/E ratios was observed upon increasing the concentrations. We considered that these results reflect the differences of the aggregational states of two pyrene molecules. The pyrene bearing a perfluoroalkyl chain formed stronger aggregational states than the other pyrene derivatives due to the fluorophilic interaction. Therefore, the M/E ratios in the case of compound 5 decreased less significantly than the other pyrene derivatives. This implies that the compound bearing a perfluoroalkyl chain also forms such high aggregational states in solution.
The results of the AFM measurements suggest that compound 2 is assembled in the liquid-crystalline membranes, although similar information about compound 1 could not be obtained. From the fluorescence measurements, one might conclude that compound 1 bearing a perfluoroalkyl chain forms higher aggregational states than compound 2 does. Therefore, in the case of compound 1, the higher ordered aggregation in the liquid-crystalline membranes was supposed to occur because of its powerful aggregation through the fluorophilic interaction, in comparison with the case of compound 2. Although the DSC data show that the neutral carrier is dissolved in compound 3, the aggregation of neutral carriers in the membranes probably occurs in the molecular level, as indicated by the AFM measurements. In spite of the enhancement of intermolecular association in the ion-sensing membranes based on compound 1 bearing a perfluoroalkyl chain, there was no significant improvement in the sensor properties of the liquid-crystalline ISEs. We believe that this resulted from the "too" strong selfassembling of the neutral carrier bearing a perfluoroalkyl chain through the fluorophilic interactions.
